Abstract: Almost all electrical machine consists of the stator and rotor cores, which are made of stacked non-oriented electric steel sheets. Punching and blanking are the two commonly used shear cutting technologies. The efficiency and performance of an electrical machine depend on the magnetic properties of its magnetic core. The shear cutting process causes the formation of residual stresses in cut segments next to the cutting line from the nonoriented electrical sheet metal, resulting in increased iron losses. The extent of deterioration in the magnetic material properties depends on the amount of induced stresses, which is affected by the used process parameters during shear cutting and the mechanical properties of the electrical steel sheets. This paper focuses on the residual stresses induced by punching with different shear cutting conditions using finite element analysis. Influence of cutting clearance of the shear cutting tool on were observed.
Introduction
The electrotechnical industry produces various types of electrical machines and apparatus in which a magnetic circuit is used. The alternating magnetic circuits consist of individual electrically insulated sheets with good magnetic properties. A higher Si content of the steel causes significant increasing in electrical resistance and permeability. Increasing the resistivity of steel means suppressing of specific losses and thus reducing overall magnetic losses. In practice, sheets with a Si content of 0.3 to 4.6% are used. Magnetic quality and practical usability of silicon steel for the electrotechnical industry depend on the content of Si, sheet thickness, and technology of manufacturing.
Shear cutting in a cutting tool and the laser cutting are the two most commonly used technologies for producing electrical machine segments (mainly the stator and the rotor core). While laser cutting is often associated with making prototypes, shear cutting is utilized to produce a large number of these components [1] . Regardless of which of these technologies is used, it change the magnetic properties of the produced segments [1, 2, 6] . This change is mainly due to the fact, that plastic and elastic deformations lead to residual stress of the cutting segment, which is induced next to the cutting surface. Although a lot of research has been conducted in this area [3] [4] [5] [6] [7] [8] [9] , the distribution of residual stresses around the cutting edge and its impact on magnetic losses is still the subject of research.
When a segment containing residual stresses is magnetized, these stresses prevent the magnetic domains from being aligned in the direction of the outer magnetic field [2] . The extent of this effect is determined by the residual stresses [7] .
According to [2, 5, 6 ], a smaller cutting clearance provides better magnetic properties of the specimens than a large cutting clearance. The effect of a worn cutting tool is significant as well. Research suggests that larger cutting clearance and increasing wear on the cutting edge of the tool lead to higher watt losses and deterioration in magnetic properties.
In this work, the effect of the size of the cutting clearance of the tool on the size and distribution of the residual stresses in the cutting samples was investigated both experimentally ad by means of the FE analysis.
Experimental Materials and Methods
The annular shape of the punched parts with the same cutting clearance in the inner and outer diameters of the toroid was used for the investigation of shear cutting conditions of sheet metal for the electrotechnical industry. The shape and dimensions of the blank (specimen) are shown in Figure 1 . The specimen is suitable for not only the research of optimal shear cutting process parameters, but also for the subsequent evaluation of both magnetic properties and watt losses. From the point of view of the geometric quality of the blank (Figure 2 ), the determination of the beginning of the ductile phase and the trajectory of the fracture are a very important aspects of the analysis. The fracture starts at a location near the cutting edge, where the deformation reaches the limit value.
An experimental shear cutting tool was used to the punching of ring-shaped annular parts from electrical sheet metal in a finishing state with four different cutting clearances corresponding to 1%, 3%, 5% and 7% of the sheet thickness. The chemical composition of two grades of the electrical steel sheets used in the experiment is shown in Table  1 . The material has a Si content of 0.574 wt%. High Si contents lead to higher material hardness, higher ultimate tensile strength, and lower uniform elongation. The specific loss decreases with increasing silicon content at constant sheet metal thickness. Mechanical characteristics like yield stress, ultimate tensile strength or elongation are determined in tensile test according to EN ISO 6892-1. The basic mechanical properties of the investigated sheet metal are shown in Table 2 .
A die and the punch radius of R s =R m =10 mm was used, which should simulate a sharp shear cutting tool. Determination of these values is based on real instrument measurement after grinding of the tool. The specimens for the measurement were produced with shear cutting velocity of 0.2 m/s. The effect of cutting speed in this work was not evaluated.
The shear cutting processes are preferably modeled using the finite element method in the range of elastic and plastic deformations until the start of the fracture phase, which is usually determined by some of the generally accepted fracture criterion such as Cockroft-Latham, Rice-Tracey, Oyane, Atkins, Goijaerts, Johnson-Cook and others. The simulation model was solved in MSC MARC TM FEM software using an advanced nonlinear solver. Due to the planar symmetry of the blank, a half twodimensional simulation model was created ( Figure  3 ). The model was solved in plane strain condition. In order to create a mesh on the blank, square elements from 0.025 mm to 0.005 mm size next to cutting surface were used. The size of elements outside of this area was set to 0.05 mm with global remeshing for blank. The Coulomb friction model defined the contact between the tool, and the electrical steel sheet with the friction coefficient was set to 0.1. An elastoplastic constitutive model of the H-M-H yield criterion with the isotropic hardening described material properties of the blank. The hardening curve of tested electrical steel sheet was extrapolated by Hollomon (Ludwik) model - 
where σ m is the maximum component of the tensile stress, ε is the effective strain, σ is the effective stress, and C is the constant indicating the initiation of the crack. Since the aim of this FE analysis was to qualitatively compare the residual stresses in the specimens after the shear cutting process, the hardening curve and the fracture model were calibrated both based on the "punch force vs. punch travel" and on the shear surface analysis. Figure 4 and 5 shows the punch penetration and what kind of the fracture (separation) occurred in the blank. The Cocroft-Latham fracture model (1) as the fracture criterion was used. 
Results and Discussion
The results of the FE analysis (Figures 6-13) show the residual stress distribution in the cutting surface. The results of shear cutting process with a sharp tool edge (R s = R m = 0.01 mm) are presented in Figures  6, 8, 10 and 12 the results of worn tool edge are presented in Figures 7, 9 , 11 and 13 (R s = R m = 0.07 mm). The results of residual stress distribution show that the largest residual stresses occur next to the cutting surface where the fracture begins. The effect of the change in the cutting clearance and worn cutting edges of the tool is also evident from Figures 6 -13. The depth of penetration of residual stresses in the area of the cutting surface was significantly lower when shear-cutting process was performed with smaller cutting clearance. In contrast, the FEA showed that smaller cutting clearances may lead to higher residual stresses next to the cutting surface. The results also show the effect of worn cutting edge on the burr height. Similarly, if a tool with sharp cutting edge is used, the residual stresses are lower than those with the worn cutting edge. The results also show that a smaller cutting clearance as well as a sharp cutting edge reduces the size of the area affected by shearing. Furthermore, the results show that the increasing cutting clearance led to increasing of the shear zone h F on the cutting surface. These results were confirmed by real-time experiments. The influence of the cutting clearance on the shear zone h F of the cutting surface is shown in Figure 14 . The course of the punch force is shown on Figure 15 . The real experiments with the shear cutting tool were performed to verify the results obtained from numerical simulations. The shear cutting process was performed using an experimental punching tool (Figure 16 ) on a hydraulic press in laboratory conditions. The machine consisted of force and stroke sensors and automatic recording of the "Force-stroke" data on a computer. The punch force over punch stroke curves comparison for the cutting clearance of 5% is shown in Figure 17 .
The characteristics of the course of the punch forces were determined in relation to the punch stroke. It can be noted the FEM modeling of the shear cutting process is an effective tool to evaluate the influence of both the cutting process parameters and wear state of the cutting edge. 
Conclusion
From the point of view of improving the quality of the stator and rotor cores of the electrical machines as well as the transformers, it is crucial to handle the shear cutting process in the punching tool so that this process should minimally affects the shear surface. The cutting clearance and wear state of the punch and die have a significant influence on the induced residual stress when shear cutting electrical steel sheets. The sharp tool edge always leads to better results than the worn cutting edge. The depth of the penetration of residual stresses in the area of the cutting surface is significantly lower when shear cutting process was performed with smaller cutting clearance. In contrast, the FEA showed that smaller cutting clearances may lead to higher residual stresses next to the cutting surface. The results show the effect of worn cutting edge on the burr height as well.
Worn cutting edge of the cutting tool results in a deterioration of the cutting surface quality in all the cutting clearances. There is an increase of the burr height as well as the depth of penetration of residual stresses in the cutting zone is higher. The greatest changes in the quality of the cutting surface were observed with the largest cutting clearance (7%). Also, there is a greater distribution of residual stresses from the cutting surface inside the specimen, which causes deterioration of the magnetic properties and increases of the specific losses. It is possible to change the final magnetic properties of the individual technological processes of shear cut samples for rotor and stator cores of electrical machines by changing the cutting clearance, depending on their application. 
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